Neither the molecular basis for common fragile site DNA instability nor the contribution of this form of chromosomal instability to cancer is clearly understood. Fragile site FRA16D (16q23.2) is within regions of frequent loss-of-heterozygosity (LOH) in breast and prostate cancers, is associated with homozygous deletions in various adenocarcinomas and t(14;16) chromosomal translocations in multiple myeloma. The FOR (WWOX ) gene spans FRA16D and encodes a partner of p53 that also has a role in apoptosis. Previously untested 53 cancer cell lines were screened for deletions within the FOR/WWOX gene. Deletions were detected in Co115, KM12C and KM12SM. Homozygous deletions in these and two previously identified tumour cell lines were intragenic on both alleles, indicating a distinct mutation mechanism from that causing LOH. Identical FRA16D deletions in two cell lines (one derived from the primary carcinoma and the other from a secondary metastasis) demonstrate that FRA16D DNA instability can be an early, transient event. Sequence analysis across one deletion locates one endpoint within a polymorphic AT-dinucleotide repeat and the other adjacent to an AT-rich mini-satellite repeat implicating AT-rich repeats in FRA16D DNA instability. Another deletion is associated with de novo repetition of the 9 bp AT-rich sequence at one of the deletion endpoints. FRA16D deleted cells retain cytogenetic fragile site expression indicating that the deletions are susceptible sites for breakage rather than regions that confer fragility. Most cell lines with FRA16D homozygous deletions also have FRA3B deletions, therefore common fragile sites represent highly susceptible genome-wide targets for a distinct form of mutation.
INTRODUCTION
Chromosomal fragile sites are non-staining gaps in metaphase chromosomes that are induced to appear under specific cell culture conditions (1) . There are more than 100 fragile sites in the human genome, distinguished by their frequency in the population and chemistry of induction as well as their physical location. Rare (or inherited) fragile sites are found in ,5% of individuals and are induced by various chemicals, some of which perturb nucleotide levels and others that preferentially bind certain DNA sequences. The study of various rare chromosomal fragile sites has provided insight into the novel genetic mechanism of repeat expansion termed dynamic mutation (2) . All rare fragile sites characterized to date are due to the expansion of the longest normal alleles of a polymorphic DNA repeat beyond a particular copy number threshold (3) . 1341-1349 doi:10.1093/hmg/ddi144 Advance Access published on April 6, 2005 ATR, BRCA1, SMC and the Fanconi Anaemia pathway have been shown to be involved in common fragile site expression (4 -7) . These factors and pathways further implicate replication stalling as the mechanism of cytogenetic expression. However, the DNA sequence requirements (cis-acting elements) of common fragile sites are not yet understood. Increased DNA flexibility at fragile site loci, manifesting as clustering of 'FlexStab' peaks, has been noted using a computer based algorithm (8, 9) . Whether the DNA sequences responsible for FlexStab peaks are necessary and sufficient for common fragile site expression has not been directly tested.
On the basis of the observation that common fragile sites are located at or near structural chromosome defects known in various cancers, Yunis and Soreng (10) proposed that fragile sites are susceptible to DNA instability in cancer and that such instability contributes to neoplasia by virtue of altered expression of the associated genes. A relationship (if any) between rare fragile sites and cancer is not clear. In general, individuals with rare chromosomal fragile sites are at no greater risk of cancer (11) . The folate sensitive fragile site FRA11B is located within the 5 0 -untranslated region of the c-CBL proto-oncogene and despite predisposing to the 11q-breakage seen in some cases of Jacobsen syndrome, this fragile site does not appear to be associated with increased cancer risk (12, 13) . On the other hand, higher copy number alleles of the CCG repeat (that, when expanded, gives rise to folate sensitive rare fragile sites) are found at higher frequency in individuals with chronic myeloid leukaemia (CML) (14) . Moreover, CML patients with these higher copy number alleles have a poorer prognosis.
A clearer picture of the role of DNA instability at common fragile sites in cancer has begun to emerge (1, 15) . Homozygous deletion at the most readily inducible common fragile site, FRA3B, is very frequent in cancer cells, particularly in those from tissues exposed to highest levels of environmental mutagens (16, 17) . The FHIT gene spanning FRA3B is usually inactivated by such deletion resulting in loss of FHIT function. Mutation of one allele of the Fhit gene in transgenic mice renders these mice more susceptible to chemical mutagenesis (18) . This susceptibility can be 'rescued' by means of Fhit gene therapy (19) . Therefore loss of function of Fhit protein mediates the increased susceptibility to further mutation, rather than the alternative possibility that a chromosome-structure related role for the FRA3B fragile site contributes to mutagen susceptibility (e.g. via an effect on chromosomal stability).
Similarly, homozygous deletions at the second most readily induced common fragile site, FRA16D, at 16q23.2 have been detected in cell lines derived from adenocarcinomas of the stomach, lung, breast, ovary and colon (20 -22) . A gene (FOR, WWOX, WOX1 ) spanning FRA16D has been identified (9) and some of its functional characteristics determined (22 -24) . In addition, t(14;16) translocations have been found to map within the 16q23.2 region in 25% of cases of multiple myeloma and breakpoints for four out of five of these are located within the FOR gene (20, 25, 26) . FOR gene expression is reportedly elevated in some breast cancer cell lines (27) but reduced in breast tumour tissue (28) , whereas the adjacent c-MAF proto-oncogene is increased in expression in t(14;16) translocated multiple myeloma cells (25) . Therefore multiple genes may be affected by FRA16D associated DNA instability.
In this report, we address several key aspects of the mutation mechanism that gives rise to homozygous deletion at the FRA16D fragile site in cancer cells. First, the timing of the deletion event in the neoplastic process, as it is assumed that early events are more likely to be causal rather than consequential. Secondly, the relationship between FRA16D associated deletion and another form of deletion (loss-of-heterozygosity, LOH) known to occur at high frequency in certain cancers in the 16q23.2 region. Thirdly, the nature of the deletion endpoints and any identifiable characteristics of the sequences at or near these deletion endpoints. Fourthly, the extent of 'genome-wide' instability that occurs in FRA16D deleted cell lines. Finally, the effect of FRA16D associated deletions on the cytogenetic expression of the FRA16D fragile site.
RESULTS

Timing and stability of FRA16D deletion in tumourigenesis
Various tumour cell lines have previously been identified as containing FRA16D associated homozygous deletions (20, 21) . This included a screen of seven FRA3B containing cell lines in our laboratory of which one (AGS) had FRA16D deletions (20) and the HCT116 cell line identified by others (21) . However, the relative frequency and timing of this form of mutation have not been characterized. Therefore we have screened an additional 53 tumour cell lines for FRA16D associated homozygous deletions and detected three new cell lines with homozygous deletions at FRA16D ( single patient (KM12) with colorectal cancer of Dukes' B2 stage (29) . The KM12C cell line was derived from the primary tumour obtained by the injection of the parental (KM12) cells into the spleen of a nude mouse. The KM12SM cell line was derived from a spontaneous metastasis in the liver of the nude mouse. The KM12SM cell line, therefore, represents a metastatic derivative and the KM12C cell line a primary tumour derivative, both originating from the same primary human carcinoma. Karyotype and isoenzyme analysis of KM12SM has revealed that this cell line is predominantly tetraploid and has elevated type IV collagenolytic activity compared with the KM12C cell line (29) . No evidence of ongoing instability at FRA16D was found despite marked differences in the karyotype of the KM12C and KM12SM cell lines (Fig. 1 ). The KM12SM line has at some point undergone the duplication of its chromosome complement, yet only eight chromosomes remain tetraploid, others having increased or decreased in number, and whereas the KM12C line appears more stable in terms of chromosome copy number, it has undergone chromosomal instability distinct from that of KM12SM, notably a t(2;16) translocation. The identical extent of FRA16D deletion in the KM12C and KM12SM cell lines ( Fig. 2 ) demonstrates that this FRA16D fragile site associated deletion event occurred at an early stage in the progression of the carcinoma and remained stable in the presence of other forms of chromosomal instability. The previously identified AGS and HCT116 cell lines were found by the analysis of a more detailed set of STS markers ( Fig. 2 and Supplementary Material) to contain the presence of two or more distinct homozygous deletions (Fig. 2) . We analysed HCT116 cells from three different sources and found that the homozygous deletion in these cells was identical; supporting the likelihood that the instability that causes the deletion is transient (unpublished results). In all FRA16D deleted cell lines described here, a common region of deletion was identified that included the previously described FlexStab1 AT peak (9) . FlexStab1 is the most flexible (FlexStab score 18) of six peaks of flexibility clustering in the FRA16D region, the other peaks having a score of 14, whereas most human chromosomal DNA scores between nine and 12 for the FlexStab algorithm (8, 9) .
Correlations between frequency and extent of cytogenetic fragility and DNA instability Chromosomal fragile sites are the in vitro consequences of culturing cells in the presence of certain chemicals. The relationship between this in vitro 'fragility' and the in vivo DNA instability observed as homozygous deletion, is as yet unclear. The common fragile sites are observed with differing frequencies-FRA3B being most frequently observed followed by FRA16D, FRAXB, FRA7G and FRA7H. We therefore investigated whether cell lines with known deletion at one of these fragile sites were also deleted for any of the other fragile sites for which locations of fragile site DNA Figure 1 . Karyotypes of (A) KM12C and (B) KM12SM. Example karyotypes of the KM12C and KM12SM colon carcinoma cell lines. The most common karyotype for each cell line is given. In both cases, variants of these karyotypes were also observed. 
sequences have been determined. The majority (4/5) of FRA16D deleted cell lines also have FRA3B deletion, whereas only a minority (4/10) of FRA3B deleted cell lines have FRA16D deletions (Table 1) . Homozygous deletion at multiple fragile site loci suggests a common molecular mechanism with common trans-acting factor(s). The higher frequency of observed in vivo homozygous deletion at FRA3B compared with that at FRA16D is consistent with the higher frequency of observed in vitro cytogenetic fragility observed at FRA3B than at FRA16D, suggesting that there may be a causal relationship between in vitro fragility and in vivo DNA instability which is determined, at least in part, by cisacting elements, i.e. the primary DNA sequences which constitute the respective fragile site regions of the genome.
Similarly, we sought to determine whether the extent of fragility at a fragile site locus, previously determined by high resolution in situ hybridization (20) , correlated with the extent of homozygous deletion in cancer cell lines. Homozygous deletions were found as multiple events in three cell lines (AGS, Co115 and HCT116). In all cases, including those with multiple deletions, the extent of deletion is confined to the same 270 kb DNA within which the vast majority (942/972 of in situ hybridization signals or 97%) of chromosome breakage at FRA16D is found to map upon fragile site induction (20) (Fig. 2) .
Relationship between FRA16D homozygous deletion and 16q23.2 LOH LOH has been identified in the 16q23.2 region in prostate and breast cancers (30, 31) and it was based on this LOH that Bednarek et al. (22) identified the WWOX gene also identified by others (9) as the FOR gene spanning FRA16D or the WOX1 gene induced by hyaluronidase (23) . Two polymorphic markers (D16S518 and D16S504), that define the boundaries of the prostate and breast cancer regions of heterozygous loss, were found to be heterozygous in all cancer cells with homozygous FRA16D deletions (Fig. 2) . As the D16S518 and D16S504 markers are intragenic to the FOR/WWOX gene, the homozygous deletions are therefore localized events that do not extend beyond the FOR/WWOX gene in contrast to the LOH deletions that can extend over very large regions spanning 16q23.2. Therefore, it is unlikely that the FRA16D fragile site represents a 'boundary' of the extensive LOH deletion events. The LOH and homozygous deletion events are quite distinct and therefore are likely to have different mutation mechanisms and/or genetic/environmental causes.
Deletion endpoints and the role of repeats in fragility
Previously, we have mapped the endpoints of several homozygous deletions by duplex PCR analysis to regions spanning peaks of DNA 'flexibility' (9) . The exact position of 20 endpoints in the available cancer cell lines with FRA16D associated homozygous deletions was determined by detailed duplex PCR mapping (Fig. 2 and Supplementary Material) . In only one case, it is possible for any two of the deletion endpoints in unrelated cell lines to coincide, therefore there are no common endpoints associated with FRA16D associated homozygous deletion in cancer cells and therefore no apparent 'hotspots' for breakage. Long range PCRs were established across three of these deletions enabling the DNA sequence spanning the deletion endpoints to be determined. The DNA endpoints at each end of one of the homozygous deletions in the HCT116 cell line are either within an AT-dinucleotide repeat [corresponding to FlexStab 1 in Ried et al. (9) ] or adjacent to (1 kb away) an AT-rich mini-satellite (Fig. 3) . The sequences giving rise to the FlexStab1 region (9) are either deleted or present at the endpoint boundary, in all of the cancer cell lines with FRA16D deletions analysed here. As the AT-dinucleotide repeat does appear to represent a preferred target for instability, we undertook PCR analysis of the repeat in order to determine whether there is variation in copy number between individuals and whether any such copy number variation might contribute to variation in cytogenetic expression of FRA16D. The PCR analysis of 78 individuals demonstrated an extremely high level of copy number polymorphism (PCR analysis for 35 individuals is shown in Fig. 4A ) with an observed heterozygosity of 97% in 25 different alleles. This high level of copy number variation prompted an analysis of the transmission of the repeat through a CEPH pedigree to ascertain the degree of repeat instability. Mendelian inheritance was observed with no evidence of copy number instability through the three generations tested (unpublished results). Therefore, the AT dinucleotide is stable in germ-line transmission and does not represent a hyper-mutable sequence. We also looked for a relationship between the copy number of the repeat in an individual and the percentage of metaphases expressing the FRA16D fragile site. No correlation between fragile site expression level and AT-repeat copy number was observed (Fig. 4B) , suggesting that if the variation in copy number of the AT-dinucleotide repeat does contribute to fragile site expression levels, then this contribution is not rate limiting and other factors (e.g. trans-acting factors) have a greater effect on fragile site expression levels.
Sequence analysis of the Co115 deletion no. 1 endpoints (Fig. 3) revealed that a 9 bp sequence located at the proximal endpoint has been the subject of de novo amplification to give six additional copies (seven in total) of the 9 bp repeat TTTCATATG. The molecular process responsible for the fragile site associated deletion of DNA is therefore able to facilitate the de novo generation of DNA repeat sequences upon repair of the damaged DNA.
Cytogenetic FRA16D expression in cells with FRA16D homozygous deletion
It has been proposed (32) that flexible DNA sequences, such as the FlexStab1 AT repeat, play a causative role in chromosomal fragile site expression. The large homozygous deletions in the FRA16D region afford the opportunity to assess whether any or all of the deleted sequences are necessary for the cytogenetic expression of the chromosomal fragile site. Therefore, we analysed those cell lines with homozygous FRA16D associated deletions that spanned the FlexStab1 AT-dinucleotide repeat deletion for cytogenetic expression of FRA16D. All of these cell lines still exhibit FRA16D cytogenetically and in two cell lines, FRA16D was observed on each of the chromosome 16s present (Fig. 5) . These results indicate that the FlexStab1 sequences are not necessary for fragile site expression.
Similarly, those cell lines with FRA3B associated deletions were still able to express FRA3B (Fig. 5) . This suggests that the deleted sequences are not necessary for cytogenetic expression and appear to be the most likely 'high-risk' targets for breakage when it is going to occur.
DISCUSSION
Cytogenetically distinguishable, aphidicolin inducible common chromosomal fragile sites are located at .70 sites around the human genome (1). These sites vary in their sensitivity to induction with FRA3B being the most frequently observed, followed by FRA16D then FRAXB, FRA7G and FRA7H. Homozygous deletion is normally a rare event in the human genome; however, the FRA3B fragile site has been found to be subjected to frequent homozygous deletion in cancer. In order to determine whether the events at FRA3B were generally applicable to other fragile sites in the 'common' or 'constitutive' category, we have undertaken a molecular analysis of the FRA16D fragile site and its associated DNA instability in cancer cells.
Mutation events that occur early in tumourigenesis are thought more likely to contribute to cancer cell biology than later mutation events. Later events may simply be a consequence of genome-wide DNA instability brought about by loss of DNA repair function. The timing of DNA instability at common fragile sites in cancer was determined by analysing FRA16D homozygous deletions in two cancer cell lines (KM12C and KM12SM) at different stages of cancer progression but originating from the same primary tumour. Indeed, the common clonal origin of these cell lines is demonstrated by their identical deletion endpoint boundaries at the FRA16D locus. Therefore, the FRA16D deletion in the KM12 derived cell lines preceded the genetic events that led to the metastatic KM12SM cell lineage. A great deal of chromosomal instability is evident in the KM12SM cell line (Fig. 1) , whereas a distinct translocation event, t(2;16), has taken place in the relatively stable KM12C cell line. However, no additional mutation at the FRA16D locus is evident supporting an early role for this form of mutation and suggesting that once fragile site associated mutation does occur then the resultant sequences are able to remain stable even in the presence of other forms of extensive chromosomal instability. It is likely that the DNA instability is the result of some sort of environmental factor or stress under which the cell is temporarily placed and once this is relieved then no further mutation takes place. Corbin et al. (33) have found that additional FRA3B mutations have been found in somatic cell derivatives of cancer cells with FRA3B associated homozygous deletions. It may well be that such additional instability is a result of environmental factors associated with the derivation of these cell lines, or alternatively, that the higher incidence of FRA3B fragility may render it prone to substantially more DNA instability than the FRA16D locus.
If there is a direct causal relationship between chromosomal fragility and DNA instability at common fragile site loci, it would be expected that the likelihood of observing fragile site associated breakage in cancer cells would correlate with the frequency with which the various fragile sites are observed cytogenetically. As FRA3B is the most readily observed fragile site, it would therefore be expected to exhibit the highest frequency of homozygous deletion. The finding that FRA16D associated homozygous deletions are found in some, but not all, cancer cell lines exhibiting FRA3B associated homozygous deletions is consistent with a causal relationship between cytogenetic fragility and homozygous deletion in cancer cells.
FRA16D is located in the overlap between frequent LOH regions identified on 16q23 in breast and prostate cancers. Indeed Bednarek et al. (22) identified the FOR/WWOX gene on the basis of its location within the breast cancer 16q23 LOH region. The potential therefore exists that FRA16D acts as a frequent boundary for the deletions that give rise to LOH and that the homozygous deletions observed in some carcinomas are merely the manifestation of overlapping and more extensive LOH regions. Analysis of polymorphic markers flanking the FRA16D region demonstrates that in all the cell lines with a homozygous FRA16 deletion, the adjacent flanking sequences are still present for both parental chromosomes. Therefore, the mechanism giving rise to homozygous FRA16D deletions appears to be quite distinct from that giving rise to LOH deletion.
The homozygous deletion of DNA sequences in the FRA16D region affords the opportunity to assess the contribution of these deleted sequences to cytogenetic expression of the fragile site. If the deleted sequences either contribute to or are essential for fragile site expression then their deletion would be expected to either reduce the frequency of fragile site expression or abolish it altogether. No evidence of an impact of deletion on fragile site expression could be found. In the HCT116 cell line, the two chromosome 16s can be distinguished by a translocation onto 16p and both the normal and derivative chromosome 16s express the fragile site. This observation rules out the trivial explanation that the extent of deletion is sufficient to obliterate expression of only one of the two chromosome homologues. Levels of common fragile site expression vary markedly within the population and between different cell lines and therefore quantitative effects are extremely difficult to determine (34, 35) [ Fig. 4B which reveals 2-fold variation (29 -59%) in the expression of FRA16D between individuals]. Although a quantitative effect on the level of expression cannot be ruled out, the frequency of cytogenetic expression in the cell lines was not remarkably below that observed in cell lines without FRA16D deletions. The deletions of the FlexStab regions (FlexStab1 in particular) are therefore noteworthy, because these regions have been proposed to play a causative role in fragile site expression (32) . Given that chromosome fragility plays a causal role in the mechanism of homozygous deletion, then chromosomes with FRA16D deletions will still be able to undergo further deletion should the necessary environmental conditions again arise. This may explain the frequent observation of multiple homozygous deletions in single cancer cell lines (AGS, HCT116 and Co115), as each deletion could represent an independent event during the exposure of the cell to the conditions conducive to homozygous deletion. Analysis of the homozygous deletion endpoints reveals a substantial degree of heterogeneity with only two of the 20 mapped endpoints possibly coinciding. This observation may be somewhat misleading given that the endpoints actually represent the outcomes of repair processes rather than the actual initial sites of breakage. The region spanning the previously described FlexStab1 region is commonly deleted in each of the cell lines with FRA16D homozygous deletion suggesting that this region is prone to instability, however, the relationship between the FlexStab1 AT repeat and this instability is unclear. No evidence of a causative role could be found. Indeed, it is noteworthy that despite the conservation of the relationship between a chromosomal fragile site and the FOR/WWOX gene between mouse and human, and the high level of sequence homology found in parts of the respective exon 8 sequences between mouse and human homologues, that the mouse does not have the corresponding FlexStab1 sequences conserved. In this regard, the deletion endpoint of particular note is that in Co115 cells where a sequence of nine bases is copied six times to give rise to a de novo repeat. This finding suggests that the mechanism of DNA instability caused by the presence of a chromosomal fragile site can actually lead to the formation of a DNA repeat sequence. This brings into question the relationship between repeat sequences and fragile sites, as instead of the presence of repeat sequences causing fragile site expression, it may well be that the presence of a fragile site can lead to the formation of repeat sequences.
In conclusion, a substantial body of evidence (presented here and elsewhere) suggests that common fragile sites are regions of particular sensitivity to DNA instability and that there is a correlation between the level of in vitro chromosomal fragility and in vivo DNA instability in cancer cells. The localized multiple-hit nature of the homozygous mutation together with its subsequent (relative) stability suggests that it is most likely that an interaction between environmental and trans-acting factors plays a determining role in the common fragile site associated mutation mechanism.
MATERIALS AND METHODS
Cell lines
The AGS, HCT116, LoVo, HT29, KatoIII, SW480, MDA-MB436 and LS180 tumour cell lines were from the collection of the Centre for Medical Genetics, Women's and Children's Hospital and were grown as previously described (18) . Co115, KM12C and KM12SM and other tumour cell lines (mainly derived from colon carcinomas) were from the collection of the Queensland Institute for Medical Research, Royal Brisbane Hospital.
PCR and DNA sequence analysis
Duplex PCR was performed on DNA isolated from cultured cell lines according to the methods of Mangelsdorf et al. (18) and Ried et al. (21) . Primers used in deletion mapping are indicated in Supplementary Material, Table S1 . Most of the PCR primer oligonucleotide sequences are as reported in Ried et al. (9) . Additional primer sequences may be obtained upon request. DNA sequence analysis of PCR products was performed at the Institute of Medical and Veterinary Science (Adelaide, South Australia) DNA sequencing facility using Applied Biosystems chemistry and equipment. The software program Lasergene (DNASTAR Inc., Madison, WI, USA) was used to analyse DNA sequences. FlexStab1 AT repeat allele copy numbers were determined by incorporating a 32 PdCTP into the PCR products and then electrophoresis on acrylamide gels. Oligodeoxynucleotide primers for FlexStab1 ATrepeat copy number genotyping were GCATGAGTGGT-GATGGATGT and GGACAGAACTAACCCAGAGA.
Metaphase preparation and fragile site induction
Metaphases were prepared by standard methods. Briefly, cultures were grown for 72 h in Eagle's essential medium, minus folic acid, supplemented with 5% FCS. Induction of FRA16D was with 0.4 mM aphidicolin dissolved in DMSO added 24 h before harvest. Fifty metaphases were scored for the percentage of chromosome 16s expressing FRA16D in all but one individual in whom 100 metaphases were scored.
